People are exposed to an ever-increasing number of chemical compounds that are developed by industry for a wide range of applications. These compounds may harmfully react with different cellular components and activate specific defense mechanisms that provide protection against the toxic, mutagenic, and possibly oncogenic consequences of exposure. Monitoring the activation of specific cellular signaling pathways upon exposure may therefore allow reliable and mechanism-based assessment of potential (geno)toxic properties of chemicals, while providing insight into their primary mode of toxicity. By wholegenome transcription profiling of mouse embryonic stem cells, we identified genes that were transcriptionally activated upon exposure to either genotoxic compounds or pro-oxidants. For selected biomarker genes, we constructed reporters encoding C-terminal green fluorescent protein (GFP)-tagged fusion proteins. GFP reporter genes were located on bacterial artificial chromosomes, thereby enabling transcriptional regulation of the reporters by their own physiological promoter. The Bscl2-GFP reporter is selectively activated after exposure to genotoxic agents and its induction is associated with inhibition of DNA replication and activation of the ataxia telangiectasia and Rad3-related protein signaling pathway. The Srxn1-GFP reporter is preferentially induced upon oxidative stress and is part of the nuclear factor (erythroid-derived 2)-like 2-antioxidant response pathway. The novel (geno)toxicity assay (ToxTracker) that utilize the differential responsiveness of various reporter cell lines will enable prediction of the primary reactive properties of known and unknown chemicals.
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Cancer is the number one cause of death in the Western Caucasian population and its incidence is still increasing. Various factors have been associated to the development of cancer, including genetic predisposition and exposure to chemicals. Following exposure to exogenous (geno)toxic agents, including ultraviolet irradiation from sunlight and chemicals from food, medicine, and our environment, these agents may react or interact with various cellular components including DNA, proteins, and lipids with possible toxic and carcinogenic consequences. Organisms have evolved various cellular defense mechanisms, including DNA repair pathways, cell cycle checkpoints, induction of apoptosis or cellular senescence, modulation of transcription, and chromatin remodeling to provide protection against the toxic, mutagenic, and possible oncogenic consequences of exposure (Sancar et al., 2004) . Activation of these defense systems and cellular responses depends on a DNA damage signaling cascade mediated by posttranslational protein modifications like phosphorylation or ubiquitination and on altered expression of specific groups of genes.
In the past years, various components of these cellular response pathways have been identified. Genotoxic compounds react with DNA, may interfere with gene transcription and DNA replication and can lead to genomic instability. Two major signaling proteins that are known to play essential roles in the DNA damage response are the ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related protein (ATR) serine/threonine protein kinases (Reinhardt and Yaffe, 2009) . Both kinases promote cell cycle checkpoint activation and DNA repair systems in response to genotoxic agents. ATM is recruited to DNA double-strand breaks (DSBs) and is required for efficient DSB repair. The ATR kinase is activated in response to stalling of DNA replication and is recruited to stalled replication forks. Activation of ATM results in phosphorylation of the checkpoint kinase (Chk)2, whereas ATR activates the Chk1. Both Chk1 and Chk2 inhibit CDC25 phosphatase and the p53 tumor suppressor, thereby blocking activation of the cyclin-dependent kinases, inhibiting cell cycle progression, and triggering the induction of apoptosis (Meek, 2009 ).
The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) signaling pathway plays an important role in the cellular response to oxidative stress (Kaspar et al., 2009) . Nrf2 is a nuclear transcription factor that drives expression of various detoxification enzymes and antioxidants. Under unchallenged conditions, Nrf2 is retained in the cytoplasm by interaction with the Keap1 protein. In addition, Keap1 functions as adaptor for the Cullin 3 E3 ubiquitin ligase that mediates proteasomal degradation of Nrf2 (Niture et al., 2010) . Upon increased levels of reactive oxygen species (ROS) or xenobiotic-derived reactive metabolites, Keap1 is modified on a specific cysteine thiol group resulting in dissociation of Nrf2 from Keap1. Nrf2 then translocates into the nucleus where it associates with promoters that contain antioxidant-responsive elements (AREs). Nrf2-dependent expression of antioxidants protects the cells against the adverse consequences of high ROS levels.
Chemical and pharmaceutical industries yearly develop increasing numbers of novel chemical compounds for a wide range of applications that benefit society. For health safety reasons, it is of crucial importance to detect adverse (geno)toxic properties of new chemicals before they reach the market, preferably during the early phase of drug development. Present genotoxicity testing generally involves the Ames bacterial mutation test, followed by a mammalian mutation test and chromosome aberration assay (Kirkland et al., 2011) . Potential adverse properties of chemicals may be more readily assessed by monitoring the activation of specific cellular signaling pathways upon exposure. Importantly, chemicals may react with various biomolecules and may affect multiple cellular processes. For example, although the DNA alkylating agent methyl methanesulphonate (MMS) is an established mutagen, it predominantly methylates proteins resulting in ROS production (Ashino et al., 2003) that can damage DNA. Assessment of the cellular pathways that are activated upon exposure can provide insight into the primary mode of toxicity of compounds, a feature that is lacking in current mammalian genotoxicity test systems. The mammalian GreenScreen HC assay depends on induction of the GADD45a gene, which is primarily controlled by the p53 tumor suppressor gene (Birrell et al., 2010; Hastwell et al., 2006) , although also other pathways, including the ras, p73, JNK, NF-jB and Nrf2 pathways, have been associated with regulation of Gadd45a expression (Elkon et al., 2005; Lu et al., 2009) . Because the p53 protein plays an important role in controlling many different cellular pathways, use of the p53 response as read out in an in vitro (geno)toxicity test system provides limited information about the specific (geno)toxic properties of tested compounds. To gain insight into the cellular responses to different classes of (geno)toxic compounds, development of advanced in vitro assays that allow assessment of the various (de)activated cellular signaling pathways is required.
We have previously identified, by systematic genome-wide gene expression profiling in mouse embryonic stem (mES) cells, a set of 40 genes that are preferentially transcriptionally activated upon exposure to different classes of cytotoxic, genotoxic, and oxidative stress-inducing compounds (Hendriks et al., 2011) . mES cells provide a unique basis for the development of in vitro genotoxicity assays because they are untransformed, can divide indefinitely, are proficient for the major DNA damage and cellular stress response pathways, including the p53 pathway, and are highly sensitive to (geno)toxic and oxidative stress. We have previously described four DsRed-based mES reporter cell lines that are responsive to (geno)toxic compounds but not to nongenotoxic carcinogens (Hendriks et al., 2011) . However, the specificity of the different DsRed reporter cell lines for a specific class of (geno)toxic compounds was somewhat limited, probably due to the absence of specific regulatory elements in the promoter fragments that were used to drive DsRed expression. To circumvent the potential limitation of cloning promoter fragments upstream of a reporter gene, we explored a recently described method to modify proteins with a green fluorescent protein (GFP) tag, expressed from bacterial artificial chromosomes (BACs) (Poser et al., 2008) . BAC modification depends on site-directed homologous recombination between a linear DNA fragment that contains the GFP marker and the BAC, driven by the E. coli-derived recombination enzymes RecE and RecT. The large size of BAC transgenes ensures the presence of most, if not all, regulatory elements and results in expression levels that closely match those of the endogenous genes.
Here, we describe the generation of a novel GFP-based (geno)toxicity assay, ToxTracker, consisting of different mES reporter cell lines that are preferentially responsive to genotoxic compounds or to agents that induce oxidative stress. The Bscl2-GFP genotoxicity reporter is activated upon replication inhibition and depends on the ATR-Chk1 signaling pathway. However, Bscl2-GFP expression is not regulated by the p53 tumor suppressor. The Srxn1-GFP reporter is activated upon increased levels of oxidative stress and is controlled by the Nrf2-antioxidant pathway. A third GFP reporter cell line based on the p53-responsive Btg2 gene is activated upon exposure to a broad spectrum of (geno)toxic compounds. The ToxTracker assay provides a powerful tool for (geno)toxic risk assessment of novel chemicals while providing mechanistic information on the genotoxic and/or oxidative properties of a compound.
MATERIALS AND METHODS
Embryonic stem cell culture and treatments. C57/Bl6 B4418 wild-type mES cells were cultured in Knockout D-MEM (Gibco) containing 10% fetal bovine serum, 2mM Gibco GlutaMAX (Invitrogen), 1mM sodium pyruvate, 100lM b-mercaptoethanol, and leukemia inhibitory factor as previously described (Hendriks et al., 2011) . mES cells were propagated on irradiated primary mouse embryonic fibroblasts as feeders according to established protocols. Cells were seeded 24 h prior to chemical exposure on gelatin-coated plates in buffalo rat liver cell (BRL)-conditioned ES cell medium in the absence of feeder cells. For analysis of compounds that require metabolic activation, cells were exposed for 3 h in the presence of 1% S9 rat liver extract in 3.2mM 286 HENDRIKS ET AL. KCl, 0.8mM MgCl 2 , 0.5mM glucose-6-phosphate, and 0.4mM NADP. After 3 h, cells were washed with PBS and cultured for 24 h in BRL-conditioned medium without the tested compounds. In all other treatments, cells were continuously exposed for 24 h before GFP reporter analysis. For the inhibition of ATM, ATR, and Chk1/Chk2 signaling in response to replication stress, cells were seeded 24 h prior to exposure in gelatin-coated 96-wells plates. Cells were exposed to 10lM cisplatin (CisPt) or 1.5lM aphidicolin (Aph) for 24 h in the presence of Ku55933 ATM inhibitor (0, 2, 5, and 10lM), schisandrin B ATR inhibitor (0, 6, 15, and 30lM), or UCN-01 Chk1/Chk2 inhibitor (0, 100, and 200nM).
Generation of GFP reporter cell lines. Selection of biomarker genes that were used to create GFP-based reporters was based on whole-genome transcription profiling, which has been described previously (Hendriks et al., 2011) . The GFP reporters were generated by BAC recombineering as described previously (Supplementary fig. 1 ) (Poser et al., 2008) . Bacterial strains with a BAC containing the biomarker gene were selected using mouse BAC finder and ordered from BACPAC. The putative biomarker genes on the BAC were modified with a C-terminal GFP green fluorescent marker (Poser et al., 2008) using the Quick & Easy BAC modification Kit (Gene Bridges). Electrocompetent BAC strains were first transformed with the pRed/ET plasmid that contains the RecE and RecT recombination enzymes. PCR fragments encoding a GFP-ires-neomycin/kanamycin reporter cassette were generated using primers that each contain 50 nucleotide additional sequence homologous to the 3# sequence of the biomarker gene on the BAC. These homologous sequences on both the 5#-and the 3#-ends of the PCR fragment allow RecE/Tmediated site-specific recombination of the GFP-ires-Neo selection cassette at the 3#-end of the biomarker gene on the BAC. BAC strains that contain pRed/ ET were grown at 37°C for 30 min in the presence of L-arabinose to induce expression of the recombination enzymes. Subsequently, BAC strains were transformed with the GFP-ires-Neo PCR fragment by electroporation, incubated at 37°C for 2 h to allow recombination of the PCR fragment with the BAC, and plated on kanamycin selection plates. Individual clones were analyzed for proper integration of the GFP cassette by PCR. Modified BACs were isolated using the Nucleobond PC100 DNA isolation kit (Macherey Nagel). mES cells were seeded on gelatin-coated culture dishes 24 h prior to transfection. Modified BACs were transfected into the mES cells using Lipofectamine 2000 (Invitrogen) according as described previously (Poser et al., 2008) . Monoclonal mES cell lines were selected based on the level of induction of the GFP reporter after exposure to genotoxic compounds or prooxidants. GFP expression was determined by flow cytometry.
siRNA transfection. The GFP reporter cells were transfected with SMARTpools of four individual siRNAs against Nrf2 or p53 (Dharmacon). A scrambled nontargeting siRNA pool was used as negative control. A siRNA against kif11, an essential gene that encodes a kinesin-like protein, was used to determine transfection efficiency. Kif11 knockdown is lethal for mES cells. siRNA transfections were performed in gelatin-coated 96-wells cell culture plates. siRNA (1lM) was mixed with 0.1 ll Dharmafect 1 transfection reagent in 20 ll serum-free medium per transfection. The siRNA mix was transferred to the 96-wells plate and subsequently 11,000 mES reporter cells were seeded in each well. Cells were washed after 16 h with PBS and cultured in fresh BRLconditioned ES cell medium. After 48 h, cells were treated with various genotoxic and oxidative stress-inducing compounds. After 24-h incubation, induction of the GFP reporters was determined by flow cytometry.
Detection of GFP expression. GPF reporter expression was generally determined by flow cytometry (Guava easyCyte 6HT, EMD Millipore). For this, cells were seeded on gelatin-coated 96-wells plates and 24 h later subsequently exposed to various genotoxic agents. All tested compounds were dissolved in dimethyl sulfoxide or PBS and diluted in fresh BRL-condition ES cell medium just before incubation with the cells. After 24-h exposure, cells were washed with PBS, trypsinized, and resuspended into PBS þ 2% serum, immediately followed by flow cytometry analysis. Reporter activity was determined as the mean fluorescence intensity of 5000 intact cells.
GFP reporter localization and expression in mES cells were visualized by confocal immunofluorescence microscopy and live cell imaging. Cells were seeded at low density on fibronectin-coated glass cover slips. For confocal microscopy analysis, the cells were exposed to 5lM CisPt or 150lM diethyl maleate (DEM) for 24 h and subsequently fixed with 2% paraformaldehyde in PBS. GFP reporter expression was visualized using a Leica TCS SP2 confocal microscope. For live cell imaging, cells were plated on glass bottom 96-well culture plates (Greiner) and exposed to 5lM CisPt or 100lM DEM. GFP reporter activation was determined using a Nikon TiE2000 microscope equipped with a perfect focus system and an automated microscope stage at 37°C with 5% CO 2 delivery to the sample plate location. Images were acquired with a 320 (NA 0.75) dry Plan Apochromat objective and the image acquisition was controlled by EZ-C1 software (Nikon). In each well, an image from the same position was acquired every 15 min for a period of 24 h. Automated image analysis of individual images was performed using ImagePro Plus software (MediaCybernetics) to calculate the induction of overall cellular fluorescence.
Quantitative real-time PCR analysis of reporter expression. Induction of the GFP reporters was compared with the expression of the endogenous gene using quantitative real-time PCR (qRT-PCR). Cells were exposed to the genotoxic agent CisPt or the pro-oxidant DEM, and total RNA was isolated after 8 or 16 h using the RNeasy Mini Kit (Qiagen). Complementary DNA was synthesized using oligo(dT) 12-18 primers and SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer's protocol. Expression of the GFP reporter and the endogenous biomarker gene was determined using specific primers against the 3# untranslated region of either gene with the FastStart SYBR Green Master Mix (Roche Applied Science) on a 7900HT Fast Real-Time PCR System (Applied Biosystems). Relative expression was normalized using expression of the YWHAD and Hprt genes.
Western blot analysis. Activation of the ATM and ATR signaling pathways in response to CisPt and Aph was determined by Western blot analysis. Cells were lysed in Laemmli protein sample buffer after 24 h exposure and subjected to SDS-polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene fluoride membrane (EMD Millipore) and detected using antibodies against phospho-Kap1 (Bethyl Laboratories, Inc.), phosphoChk1 (Bethyl Laboratories, Inc.), phospho-p53 (Cell Signaling Technology, Inc.), or Hprt (Santa Cruz) as protein loading control. Proteins were visualized using enhanced chemiluminescence.
Validation of GFP reporter cell lines. The mES GFP reporter cells were exposed to at least five different concentrations of 50 genotoxic and nongenotoxic compounds. The selection of compounds was largely based on the European Center for Validation of Alternative Methods (ECVAM) suggested list of chemicals for validation of in vitro genotoxicity test assays (Kirkland et al., 2008) . Compound concentrations that were used for the validation were based on cytotoxicity, where the highest concentration induced significant cell death (10-25% viable cells after 24-h treatment). The relative cell survival after 24 h of treatment was calculated as the ratio in density of intact cells for treated versus untreated samples as determined by the flow cytometer (Guava easyCyte 6HT, EMD Millipore). For compounds that did not affect cell viability, a maximum concentration of 10mM was used. Induction of GFP fluorescence in the reporter cells was determined after 24-h exposure by flow cytometry.
Testing criteria. Activation of a reporter cell line was considered positive when exposure to a compound resulted in > 1.5-fold induction of GFP expression, which is at least five times higher than the SD in background fluorescence in mock-exposed cells. In a representative experiment consisting of four independent exposures, the mean fluorescence intensity (MFI) for mock-exposed Bscl2-GFP reporter cells was 51.7 with a SD of 2.6. For mockexposed Srxn1-GFP reporter cells, the MFI was 28.8 with a SD of 1.6. Application of the 1.5-fold induction cutoff threshold provides positive test results with a confidence of > 99.9%. In addition, a 1.5-fold induction in GFP expression was also used as cutoff for a positive test score in the GreenScreen TOXTRACKER ASSAY 287 HC assay (Hastwell et al., 2006) . The use of similar criteria for genotoxicity assessment allows the performance of different mammalian genotoxicity assays to be more readily compared. To determine if a reporter gene was activated by a compound, we tested at least five different compound concentrations, starting with a concentration that showed no cytotoxicity up to a concentration that resulted in >75% cell killing. At higher cell killing levels, GFP induction would often not increase anymore with dose. All presented data are the summary of at least three independent experiments. All shown error bars represent SD.
RESULTS

GFP-Based Reporters for Genotoxicity and Oxidative Stress
Based on previous described transcription profiling of mES cells that were exposed to broad spectrum of (geno)toxic compounds, we selected two putative biomarker genes that were preferentially responsive to either DNA-damaging chemicals or oxidative stress (Fig. 1A) . The Bscl2 gene was shown to be selectively responsive to genotoxic compounds. The Bscl2 gene is defective in patients suffering from Berardinelli-Seip congenital lipodystrophy and encodes the Seipin protein (Magré et al., 2001; Szymanski et al., 2007) . So far, the Bscl2 gene has not been implicated in the cellular DNA damage response. The Srxn1 gene encodes the sulfiredoxin-1 protein that reduces oxidized cysteines in peroxiredoxins in the peroxisomes. Srxn1 plays an important role in the defense against cellular oxidative stress (Chang et al., 2004) . To allow physiological regulation of gene expression, we used BAC recombineering (Poser et al., 2008) (Supplementary fig. 1 ) to generate Bscl2-and Srxn1-based green fluorescent reporters. Following transfection, multiple mES cell lines containing either the Bscl2-GFP or the Srxn1-GFP reporter were evaluated for their responsiveness to either the DNA-damaging agent CisPt or the indirect pro-oxidant DEM, and a single clonal cell line for either construct was selected for further studies. Bscl2-GFP correctly localized to the endoplasmic reticulum, whereas Srxn1-GFP was located in both the nucleus and the cytoplasm as reported previously, indicating that the GFP tag did not affect their localization (Fig. 1B) . By qRT-PCR, we compared the responsiveness of the GFP reporters with the corresponding FIG. 1. GFP-based mES reporter cells for genotoxicity and oxidative stress. (A) Two putative biomarker genes, identified by genome-wide transcription profiling of mES cells exposed to various (geno)toxic compounds (Hendriks et al., 2011) , showed a preferential response to DNA-damaging agents (Bscl2) or prooxidants (Srxn1). The red intensity in the heat map represents for every treatment the expression level under nontreated and treated conditions. Gene expression levels were determined as log 10 of microarray signals after background correction and data normalization. endogenous genes. The Bscl2-GFP reporter was selectively induced upon exposure to CisPt but not to DEM (Fig. 1C) . Both the basal level and the kinetics of induction of the GFP reporter were comparable to that of the endogenous Bscl2 gene. The Srxn1-GFP reporter was responsive to CisPt but much stronger induced after exposure to DEM. The specificity of the Srxn1-GFP reporter was comparable to endogenous Srxn1, although the extent of induction of the GFP reporter appears to be slightly higher compared with the endogenous gene.
Sensitivity and Specificity of the mES GFP Reporter Cell Lines
To investigate the sensitivity and specificity of the mES Bscl2-GFP and Srxn1-GFP reporter cell lines, cells were exposed to increasing concentrations of the genotoxic compounds CisPt, etoposide, doxorubicin, and mitomycin C (MMC) or the oxidative stress-inducing agents DEM, sodium arsenite (NaAsO 2 ), cadmium chloride (CdCl 2 ), and MMS. Although MMS is a known DNA alkylating agent and weak mutagen, others and we have previously shown that the primary toxic response of cells after exposure to MMS is strongly correlated with oxidative stress induction, likely due to the direct reaction of MMS with glutathione and other proteins (Ashino et al., 2003; Hendriks et al., 2011; Wilhelm et al., 1997) . The Bscl2-GFP reporter was significantly induced after exposure to all tested genotoxic compounds in a concentrationdependent fashion. Induction of the Bscl2-GFP reporter to the pro-oxidants was either weak (MMS) or not significant (DEM, NaAsO 2 , CdCl 2 ) ( Fig. 2A) . In contrast, the Srxn1-GFP reporter cells was highly responsive to all oxidative stress-inducing agents including MMS but was also induced by the genotoxic compounds, albeit to a lesser extent than the Bscl2-GFP reporter. Cytotoxicity of CisPt and DEM was comparable in the Bscl2-GFP and Srxn1-GFP reporter cells, indicating that induction of the GFP reporters is not correlated with general cellular stress (Fig. 2B) .
We evaluated the dynamic response of the GFP reporter cell lines by using time-lapse live cell imaging confocal microscopy and quantitative image analysis (Fig. 2C and Supplementary movies S1-S4). The Srxn1-GFP reporter was readily induced upon exposure to DEM but was also somewhat responsive to CisPt in agreement with flow cytometry analysis ( Fig. 2A) . Expression of the Srxn1-GFP reporter was clearly detectable after 8-h exposure to DEM and reached a plateau after 24-h exposure. Reversely, the Bscl2-GFP reporter was preferentially induced upon exposure to CisPt, as observed by flow cytometry analysis ( Fig. 2A) . Bscl2-GFP expression became visible as early as 12 h and steadily increased up to 24 h after start of treatment.
Validation of the GFP Reporters
To further establish the sensitivity and specificity of the Bscl2-GFP and Srxn1-GFP reporters, they were exposed to a wide variety of carcinogenic and noncarcinogenic compounds, as suggested by the ECVAM (Kirkland et al., 2008) . ECVAM Class 1 compounds consist of in vivo genotoxins of which most are known carcinogens with a mutagenic mode of action that should score positive in an in vitro genotoxicity assay. ECVAM Class 2 compounds are nongenotoxic carcinogens or noncarcinogens with a nonmutagenic mode of action that should be negative in in vitro genotoxicity tests. ECVAM Class 3 compounds consists of noncarcinogens with an assumed nonmutagenic mode of action. These compounds that are generally negative in in vivo genotoxicity studies but have been reported positive in some in vitro genotoxicity tests. In total, exposures to 50 different mainly ECVAM-suggested genotoxins, pro-oxidants, and nongenotoxins were performed (Table 1 and Supplementary figs. 2-5). All ECVAM Class 1 compounds scored positive in one or both GFP reporter cell lines, except p-chloroaniline. Although this compound is an in vivo carcinogen, it was also not identified as genotoxin in other in vitro genotoxicity assays (Birrell et al., 2010; Westerink et al., 2010) . All tested ECVAM Class 2 compounds failed to induce the GFP reporters. The majority of ECVAM Class 3 noncarcinogenic compounds failed to induce our GFP reporters. However, the compounds tert-butylhydroquinone, resorcinol, sulfoxazole, p-nitrophenol, dichlorophenol, and propyl gallate that previously scored positive in other in vitro genotoxicity assays also induced our GFP reporters. Interestingly, the majority of these positive ECVAM Class 3 compounds selectively induced expression of the Srxn1-GFP reporter, suggesting that the primary toxic properties of these compounds are associated with the induction of oxidative stress. Induction of primarily oxidative stress by these Class 3 compounds fits with an assumed nonmutagenic mode of action of these compounds. However, resorcinol and propyl gallate also induced expression of the Bscl2-GFP reporter suggesting that these compounds contain in vitro genotoxic properties even though exposure to these compounds has not been found to cause cancer. An additional collection of non-ECVAMsuggested compounds were all correctly identified as genotoxic or oxidative stress-inducing chemicals. Together, these data show that the Bscl2-GFP and Srxn1-GFP reporter cells, referred to us as the ToxTracker assay, provide a sensitive and selective test to establish potential toxic activities of chemicals. In addition, by integrated evaluation of results from both reporters, the ToxTracker assay can provide insight in the primary toxic properties of compounds.
GFP Reporter Induction by Compounds That Require Metabolic Activation
To test the performance of the ToxTracker assay in the detection of genotoxic chemicals that require biotransformation, we exposed Bscl2-GFP reporter cells to various progenotoxic compounds in the presence of S9 rat liver extract. Due to high toxicity of the S9 extracts, mES reporter TOXTRACKER ASSAY 289 cells were exposed only 3 h to the progenotoxins in the presence or absence of S9 mix. Therefore, higher concentrations of the compounds were required to induce reporter activation (e.g., 30lM CisPt compared with 10lM in the 24-h exposure). All four tested carcinogenic compounds (aflatoxin B1 (Fig. 3A) . In agreement, S9-dependent activation of these progenotoxins resulted in reduced survival of the reporter cells (Fig. 3B) . Induction of the Bscl2-GFP reporter upon exposure to CisPt that does not require metabolic activation was not affected by addition of S9 liver extracts (Fig. 3C) . We also confirmed that exposure of the Bscl2-GFP reporter cells to the S9 mix in the absence of progenotoxic agents did not induce expression of the reporter (Fig. 3D) .
FIG. 2.
The Bscl2-GFP and Srxn1-GFP mES reporter cells respond preferentially to genotoxic compounds or pro-oxidants, respectively. (A) GFP reporter cells were exposed to the DNA-damaging agents CisPt, etoposide, doxorubicin, and MMC or to the oxidative stress-inducing agents DEM, NaAsO 2 , CdCl 2 , and MMS for 24 h and the induction in total GFP fluorescence of intact cells was determined by flow cytometry. The dashed lines indicate the compound concentration that induced 75% cytotoxicity that was used as threshold for determining responsiveness of the assay. In case, this threshold was not reached after exposure, the level of cytotoxicity at the highest concentration tested was indicated at the dashed line. (B) Toxicity of CisPt and DEM is comparable in the reporter cell lines. Survival of the Bscl2-GFP and Srxn1-GFP reporter cells was determined as the fraction of intact cells after 24-h treatment by flow cytometry. (C) Kinetics of Bscl2-and Srxn1-GFP reporter induction upon exposure to genotoxins or pro-oxidants. Bscl2-GFP and Srxn1-GFP reporter cells were exposed to 5lM CisPt or 100lM DEM, and GFP expression was determined by live cell imaging up to 24-h exposure. 
Srxn1-GFP Reporter Is Induced by ROS and Controlled by Nrf2 Signaling
To investigate whether induction of the Srxn1-GFP reporter upon exposure to oxidative stress-inducing compounds was directly related to ROS production, we treated Bscl2-GFP or Srxn1-GFP reporter cells with the pro-oxidant DEM in the presence of the ROS scavenger N-acetyl cysteine (NAC). Exposure of Srxn1-GFP reporter cells to DEM resulted in a strong induction of the GFP reporter (Fig. 4A) . Addition of the ROS scavenger completely inhibited activation of the reporter, indicating that induction of the Srxn1-GFP reporter directly depends on the production of oxygen radicals. In line with our previous results, the Bscl2-GFP reporter was not significantly induced by pro-oxidant exposure. Importantly, NAC did not induce reporter activation (Fig. 4A) . Also, induction of the Srxn1-GFP reporter by the oxidative stressinducing agents CuSO 4 , NaAsO 2 , CdCl 2 , and MMS could be averted by addition of NAC (Fig. 4B) . Exposure of Bscl2-GFP and to lesser extent Srxn1-GFP reporter cells to the genotoxic compound MMC resulted in induction of the reporter, but the induction could not be repressed by the addition of NAC. Together, this shows that NAC does not affect GFP reporter directly, but rather represses activation of the oxidative stress reporter in response to increased ROS levels upon exposure to various pro-oxidants.
Nrf2 is a key regulator of the induced expression of antioxidative enzymes in response to oxidative stress (Hayes and McLellan, 1999) . Also, Srxn1 has previously been identified as a potential Nrf2 target gene (Singh et al., 2009) . To investigate whether the Nrf2 pathway controls expression of the Srxn1-GFP reporter, we exposed reporter cells to various genotoxic and oxidative stress-inducing agents following siRNA-mediated knockdown of Nrf2 (Fig. 4B ). Srxn1-GFP was preferentially induced by the pro-oxidants DEM, MMS, and NaAsO 2 , whereas the Bscl2-GFP reporter was selectively activated by the genotoxic agents CisPt and etoposide. The response of both GFP reporter cell lines to genotoxic agents was not affected by Nrf2 knockdown. In contrast, induction of the Srxn1-GFP reporter by pro-oxidants was strongly decreased after knockdown of Nrf2, indicating that Srxn1-GFP is under control of the Nrf2-antioxidant response (Fig. 4C ).
Bscl2-GFP Reporter Is Activated by DNA Replication Stress
The Bscl2-GFP reporter is activated by a wide variety of genotoxic chemical compounds with different reactive properties (Figs. 1A and 2C , Table 1 ). CisPt and MMC are DNA cross-linking agents, etoposide and doxorubicin induce DNA DSBs during DNA replication by inhibition of topoisomerase II, whereas N-nitroso-N-methylurea (MNU) methylates DNA. We wondered which mechanism exposure to these compounds with different chemical reactive properties resulted in induction of the Bscl2 gene. A common property of genotoxic compounds is that they cause DNA damage that can interfere with transcription and DNA replication. To investigate whether activation of the Bscl2-GFP reporter is correlated with DNA replication stress, we exposed the reporter cell lines to different DNA replication inhibitors. Hydroxyurea (HU) inhibits the enzyme ribonucleotide reductase, thereby depleting the pool of free ribonucleotides in the cells, whereas Aph directly inhibits DNA polymerases. Both drugs inhibit DNA replication without directly inflicting DNA damage. Exposure of Bscl2-GFP cells to HU or Aph resulted in a significant induction of GFP expression, indicating that activation of the Bscl2-GFP reporter by various genotoxic agents is related to DNA replication stress (Fig. 5A) . Exposure of Srxn1-GFP cells to HU or Aph also resulted in reporter activation albeit to a significant lesser extent compared with the Bscl2 reporter, in agreement with its limited activation by various genotoxic agents (Figs. 5A  and 2C ). To investigate the involvement of various DNA damage response kinases in activation of the GFP reporters, we treated cells with the DNA cross-linking agent CisPt or the DNA replication inhibitor Aph in the presence of inhibitors of ATM (ku55933), ATR (schisandrin B) (Hickson et al., 2004; Nishida et al., 2009) , or Chk1 and Chk2 (UCN-01) (Yu et al., 2002) . ATR inhibition diminished Chk1 and p53 phosphorylation, whereas inhibition of ATM prevented phosphorylation of Kap1 and p53 in response to CisPt and Aph (Fig. 5B) . Bscl2-GFP reporter activation could almost completely be repressed by either the ATR or the Chk1/Chk2 inhibitor but was unaffected by the ATM inhibitor (Fig. 5C ). These data indicate that the Bscl2-GFP reporter is activated by the ATR-Chk1 signaling pathway in response to stalled DNA replication forks. As previously, although the Srxn1-GFP reporter is also activated upon exposure to CisPt or Aph, its activation is not dependent on the ATM or ATR DNA damage signaling pathways.
Bscl2-GFP Reporter Activation Is p53-independent
The p53 tumor suppressor plays a central role in the DNA damage response (Meek, 2009) . p53 is activated by various cellular signaling pathways, including the ATM-Chk2 and ATR-Chk1 kinases (see also Fig. 5B) , and controls the activity of DNA repair systems, cell cycle checkpoints, and apoptosis. Interestingly, induction of the Nrf2 pathway also appears to trigger p53 activation (Wakabayashi et al., 2010) . Meanwhile, p53 also affects expression of Nrf2 target genes (Wakabayashi et al., 2010) . To investigate whether the Bscl2-GFP and Srxn1-GFP reporters were under control of p53, we transiently knocked down p53 expression by siRNAs (Fig. 6A) , exposed cells to various genotoxic and oxidative stress-inducing compounds and analyzed GFP reporter activation. Activation of neither the Bscl2-GFP nor the Srxn1-GFP reporter by any of the tested compounds was affected by p53 knockdown (Fig. 6B) . To confirm that the extent of p53 knockdown was sufficient to prevent activation of p53 target genes, we employed a Btg2-GFP reporter. Btg2 is a known p53 target   FIG. 4 . Activation of the Srxn1-GFP reporter depends on ROS production and is controlled by the Nrf2 pathway. (A) Bscl2-GFP and Srxn1-GFP mES reporter cells were treated with 150lM DEM and simultaneously incubated with increasing concentrations of the ROS-scavenger NAC. The mean fluorescence intensity in 5000 intact cells was determined by flow cytometry. (B) Bscl2-GFP and Srxn1-GFP reporter cells were exposed to the pro-oxidants DEM, CuSO 4 , NaAsO 2 , CdCl 2 , and MMS or to the genotoxic agent MMC in the presence of an increasing concentration NAC. Compound concentrations that were used resulted in 30-50% cytotoxicity. GFP reporter induction was determined after 24-h incubation by flow cytometry. (C) Western blot analysis of Bscl2-GFP and Srxn1-GFP reporter cells that had been transfected with siRNAs against Nrf2. Nrf2 protein level was determined 4 days after transfection. Hprt protein level was used as loading control. (D) Bscl2-GFP and Srxn1-GFP reporter cells were exposed to 5lM CisPt, 1.5lM etoposide, 150lM DEM, 0.5mM MMS, or 5lM NaAsO 2 after knockdown of Nrf2 by siRNA transfection. GFP reporter activation was determined after 24-h exposure by flow cytometry.
294 HENDRIKS ET AL. gene that is transcriptionally activated upon exposure to genotoxic and oxidative stress (Rouault et al., 1996) . Exposure of Btg2-GFP reporter cells to genotoxic agents as well as pro-oxidants resulted in increased expression of the reporter (Fig. 6C) . Knockdown of p53 resulted in a strongly reduced induction of the Btg2-GFP reporter after exposure to all tested compounds. Interestingly, also knockdown of Nrf2 resulted in decreased Btg2-GFP reporter activation, specifically after exposure to oxidative stress-inducing compounds.
DISCUSSION
Here, we describe the generation of the ToxTracker assay, which consists of different GFP fluorescence mES reporter cell lines that are preferentially responsive to either genotoxic or oxidative stress-inducing compounds. Expression of the Bscl2-GFP reporter is specifically induced when mES cells are exposed to genotoxic compounds but is not elevated by chemicals that induce oxidative stress even though oxygen radicals might also damage DNA (Fig. 2) . We provide evidence that Bscl2-GFP reporter activation correlates with inhibition of DNA replication progression (Fig. 5) . Most types of oxidative DNA lesions do not provide strong blocks for the DNA replication machinery and are therefore unlikely to induce expression of the Bscl2-GFP reporter (Tolentino et al., 2008) .
Stalling of the DNA replication fork at DNA lesions or at protein complexes on the template DNA as well as inhibition of the DNA polymerase can result in collapse of replication forks and subsequently to DNA DSBs, chromosomal rearrangements, and deletions. A reporter that is activated upon DNA replication inhibition represents a powerful tool to predict genotoxic properties of chemicals. The observation that reporter activation depends on ATR and Chk1 signaling (Fig. 6B) provides further evidence that DNA damage-induced replication blocks induce expression of the Bscl2-GFP reporter. Both kinases are activated upon persistent stalling of DNA replication forks (Paulsen and Cimprich, 2007) . Interestingly, Bscl2 expression appears to be independent of p53, although FIG. 5 . Activation of the Bscl2-GFP DNA damage reporter is associated with inhibition of DNA replication. (A) Bscl2-GFP and Srxn1-GFP mES reporter cells were treated with increasing concentrations of HU and Aph. GFP reporter activation was determined after 24-h exposure by flow cytometry. Survival of Bscl2-GFP and Srxn1-GFP reporter cell after exposure to HU and Aph was determined by the fraction of intact cells by flow cytometry. (B) Western blot analysis of cells that were exposed to 5lM CisPt or 1.5lM Aph in the presence of ATR (schisandrin B) or ATM (ku55933) inhibitors. Phosphorylation of the ATM target Kap1, ATR target Chk1, and p53 was investigated. Detection of Hprt was used as control for equal protein loading. (C) Bscl2-GFP and Srxn1-GFP mES reporter activation by the DNA-damaging agent CisPt or the DNA replication inhibitor Aph in the presence of specific inhibitors for ATM, ATR, or Chk1/Chk2 signaling (UCN-01) was determined after 24 h by flow cytometry.
TOXTRACKER ASSAY 295 p53 is phosphorylated by Chk1 upon replication stress to halt progression of the cell cycle. Expression of the Srxn1-GFP reporter is induced after exposure of cells to chemicals that result in increased levels of cellular oxidative stress (Fig. 2) . Although the extent of activation is much stronger by oxidative stress, the Srxn1-GFP reporter is also somewhat responsive to genotoxic compounds. This suggests that either Srxn1 gene expression is directly induced upon DNA damage, although expression of Srxn1 is independent of the ATR-Chk1 DNA damage signaling (Fig. 5C ) or that exposure of cells to genotoxic agents also results in increased ROS levels. Indeed, exposure of cells to the DNA cross-linking agent CisPt was shown to result in increased levels of ROS, caused by impaired mitochondrial function and during apoptosis (Jing et al., 2007) . In agreement, exposure of the Srxn1-GFP reporter cells to CisPt in the presence of the ROS scavenger NAC significantly reduced reporter activation (data not shown). Additionally, exposure of cells to genotoxic agents results in activation of p53 that can induce expression of Nrf2. We provide evidence that expression of the Srxn1-GFP reporter is part of the Nrf2-antioxidant pathway (Fig. 4 ) being in line with recent reports that Srxn1 expression is directly controlled by Nrf2 via various AREs in the Srxn1 promoter (Singh et al., 2009) . Results obtained with the Btg2-GFP reporter were not extensively discussed because its sensitivity and specificity are comparable to the previously described Btg2-DsRed reporter cell line (Hendriks et al., 2011) . The Btg2-GFP reporter is activated by p53 upon genotoxic stress and by both p53 and Nrf2 after exposure to oxidative stress-inducing agents. Therefore, activation of the Btg2-GFP reporter displays no selectivity for either genotoxins or pro-oxidants (Fig. 6C) .
The Bscl2 gene has originally been identified in patients who suffer from Berardinelli-Seip congenital lipodystrophy, a rare autosomal recessive disease that is characterized by an almost complete absence of adipocytes (Magré et al., 2001) . The Bscl2 gene encodes a protein called Seipin that is located to the membrane of the endoplasmic reticulum (Szymanski et al., 2007) . In addition, mutations in the Bscl2 gene have also been associated with autosomal-dominant disorders of motoneurons that results in severe atrophy and wasting of distal limb muscles (Agarwal and Garg, 2004) . Although Seipin is involved in adipocyte differentiation, it is mainly expressed in the nervous system and testis (Magré et al., 2001) . The function of Seipin is largely unknown, although it has been implicated in cytosolic lipid droplet morphology and in intracellular transport of lipids and proteins. So far, there is no implication of Bscl2 in the DNA damage response. Our data show that expression of Bscl2 in mES cells is strongly induced upon exposure to various DNA-damaging agents. Basal Bscl2 expression level is low in mES cells. Because Bscl2 expression has been associated with adipocyte differentiation, it is attractive to hypothesize that also in mES cells Bscl2 expression is correlated with the induction of cell differentiation after exposure to genotoxic agents. It is well established that cell differentiation is induced upon DNA damage to maintain genome stability and to prevent malignant transformation of stem cells (Sherman et al., 2011) . In agreement, exposure to various genotoxic chemicals did not result in increased expression of the Bscl2 gene in primary liver cells (Schaap, personal communication) and only a marginal induction in HepG2 liver carcinoma cells (van Delft, personal communication). We are currently investigating the role of Bscl2 in the DNA damage response in mES cells.
Various assays are currently used to establish the genotoxic potential of novel chemicals. Although each of these assays has limitations in prediction of genotoxicity, a combination of these FIG. 6 . Activation of the Bscl2-GFP and Srxn1-GFP reporters is independent of p53. (A) Western blot analysis of p53 expression in the Bscl2-GFP and Srxn1-GFP reporter cells after transfection with siRNAs against p53. (B) Induction of the Bscl2-GFP and Srxn1-GFP reporters upon exposure to 5lM CisPt, 1.5lM etoposide, 150lM DEM, 0.5mM MMS, or 5lM NaAsO 2 after p53 knockdown by siRNA transfection. (C) Induction of the Btg2-GFP reporter by several (geno)toxic compounds after transfection with siRNAs against p53, Nrf2, or a scrambled siRNA pool as control.
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tests has proven to predict reliably the genotoxic risk of chemicals (Kirkland et al., 2011) . However, many of these genotoxicity tests are based on biological endpoints such as mutations or chromosomal damage and therefore provide limited information on the reactive properties of compounds or the cellular responses activated after exposure. More recently, various genotoxicity assays have been described, including a HepG2 cell luciferase reporter system and the GreenScreen HC assay, that use altered transcriptional activities of specific genes to genotoxic chemicals as basis for their reporter system (Hastwell et al., 2006; Westerink et al., 2010) . Most of the genes selected depend on transcriptional activation by p53. The GreenScreen HC test is based on a GFP reporter that is controlled by the Gadd45a promoter and further stabilized by Gadd45a intron and exon sequences (Hastwell et al., 2006) . Expression of Gadd45a is directly controlled by p53 but also other p53-independent cellular stress pathways, including c-myc, NF-jB, and Nrf2 can activate the Gadd45a gene (Rosemary Siafakas and Richardson, 2009) . Various validation studies show that the GreenScreen HC assay provides a highly sensitive and selective assay to identify (geno)toxic carcinogens (Knight et al., 2009; Olaharski et al., 2009) . It positively identifies direct-acting genotoxins as well as ROS generators (Hastwell et al., 2006) . In general, the use of p53 target genes does not allow discrimination between different classes of (geno)toxic compounds, as exemplified by our Btg2-GFP reporter cells (Fig. 6C) . We previously described four DsRed-based reporters including the p53-dependent Btg2-Dsred, which were all responsive to DNA-damaging agents and pro-oxidants (Hendriks et al., 2011) . By using combination of different DsRed reporter cell lines, we were able to discriminate between compounds that primarily induce genotoxic or oxidative stress. The novel ToxTracker assay that we describe here has, however, a much higher degree of specificity. The Bscl2-GFP reporter is exclusively induced by compounds that affect ongoing DNA replication, whereas the Srxn1-GFP reporter is preferentially induced by oxidative stress. In conclusion, the ToxTracker assay that consists of three independent GFP-based reporter cell lines is a novel, highly sensitive, and specific genotoxicity test that can provide insights in the relative toxicity potential of chemicals.
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